Plants degrade cellular materials during senescence and under various stresses. We report that the precursors of two stress-inducible cysteine proteinases, RD21 and a vacuolar processing enzyme (VPE), are specifically accumulated in~0.5 m m m mm diameter´~5 m m m mm long bodies in Arabidopsis thaliana. Such bodies have previously been observed in Arabidopsis but their function was not known. They are surrounded with ribosomes and thus are assumed to be directly derived from the endoplasmic reticulum (ER). Therefore, we propose to call them the ER bodies. The ER bodies are observed specifically in the epidermal cells of healthy seedlings. These cells are easily wounded and stressed by the external environment. When the seedlings are stressed with a concentrated salt solution, leading to death of the epidermal cells, the ER bodies start to fuse with each other and with the vacuoles, thereby mediating the delivery of the precursors directly to the vacuoles. This regulated, direct pathway differs from the usual case in which proteinases are transported constitutively from the ER to the Golgi complex and then to vacuoles, with intervention of vesicle-transport machinery, such as a vacuolarsorting receptor or a syntaxin of the SNARE family. Thus, the ER bodies appear to be a novel proteinase-storing system that assists in cell death under stressed conditions.
Introduction
In transgenic Arabidopsis expressing endoplasmic reticulum (ER)-targeted green fluorescent protein (GFP), fluorescing spindle-shaped structures were found in the cotyledons (Gunning 1998 , Haseloff et al. 1997 , Köhler 1998 . Köhler (1998) reported that the organelles are fast-moving in the cytosol of the transgenic Arabidopsis. Haseloff et al. (1997) suggested that the organelles might be proplastids. However, they show no chlorophyll fluorescence. The unidentified organelles were described as "mystery organelles" (Gunning 1998) .
As an alternative explanation, Gunning (1998) proposed that the fluorescent organelles are ER-dilated cisternae (~5 mm long´~0.5 mm diameter), which were first observed in radish roots by Bonnett and Newcomb (1965) . The ER-dilated cisternae have a characteristic fibrous pattern inside and are surrounded with ribosomes (Bonnett and Newcomb 1965) . Similar characteristic structures have been reported in the cells of various organs of Brassicaceae plants (Iversen 1970) , which are related to Arabidopsis thaliana. However, the function and the fate of the structures and the components accumulated in them are not known.
On the other hand, various ER-derived vesicles have been recently found in the storage organs of plant cells (Chrispeels and Herman 2000 , Hara-Nishimura et al. 1998b , Hayashi et al. 1999 , Schmid et al. 2001 , Toyooka et al. 2000 . The precursoraccumulating (PAC) vesicles of the maturing pumpkin seeds mediate the direct transport of the precursors of storage proteins from the ER into protein-storage vacuoles (HaraNishimura et al. 1998b) . Both the KDEL vesicles (KV) of mung bean cotyledons (Toyooka et al. 2000) and ricinosomes of castor bean endosperm (Schmid et al. 2001 ) accumulate a cysteine proteinase with an ER retention signal, KDEL. The spindle-shaped "mystery organelles" and the dilated cisternae (~5 mm long) exhibited a shape and size that were completely different from those of the ER-derived vesicles (0.2 to 0.5 mm diameter) in the storage organs.
In this study, we show that the fluorescing "mystery organelles" are identical to the dilated cisternae of ER, as was suggested by Gunning (1998) . We also show that the organelles accumulate precursors of two stress-inducible proteinases with no ER-retention signal. These novel proteinase-storing organelles in Arabidopsis, which we call the ER bodies, develop in the epidermal cells of young seedlings. These epidermal cells are easily injured by insects and environmental stresses. The ER bodies, while inactive in healthy cells, participate in cell death in stressed or injured cells.
Results and Discussion
Arabidopsis plants were transformed with a fusion gene encoding a signal peptide for ER, GFP, and an ER-retention signal HDEL. The fusion protein was thus designed to enter the lumen of the ER and be retained by the ER. Numerous fluorescing spindle-shaped large bodies (~0.5 mm diameter5 mm long) were observed specifically in epidermal cells of young cotyledons (Fig. 1A) . Similar fluorescent bodies were observed to move quickly in living cells expressing an ERtargeted GFP (Haseloff et al. 1997 , Köhler 1998 referred to as proplastids in a widely used textbook (Alberts et al. 1998) . However, an ultrastructural analysis following highpressure-freezing and freeze-substitution revealed that the GFP-accumulating bodies are not identical to proplastids, but are dilated cisternae of ER surrounded with ribosomes (Fig. 1B, C) . These structures were also observed in nontransformed Arabidopsis plants (Fig. 1C, 2) . Similar ERderived bodies have been observed in radish (Bonnett and Newcomb 1965) and in various plants of the Cruciferae (Iversen 1970) , but their function is not known. Indeed, they have been described as "mystery organelles" (Gunning 1998) .
Immunocytochemical analyses show that the ER bodies accumulated two stress-inducible cysteine proteinases to be transported to vacuoles, RD21 ( Fig. 2A) and gVPE (Fig. 2B ). RD21 is a member of the papain family, and is known to be induced by desiccation (Koizumi et al. 1993) . gVPE is a homolog of vacuolar processing enzymes responsible for maturation of various vacuolar proteins, and is known to be upregulated in vacuoles under various stress conditions (Hara- Nishimura 1998, Hara-Nishimura et al. 1998a , Kinoshita et al. 1995 , Kinoshita et al. 1999 . These previous findings and the staining shown in Fig. 2A , B indicate that the ER bodies mediate the transport of RD21 and gVPE to vacuoles.
Most vacuolar proteins of plants are transported from the ER to vacuoles via the Golgi apparatus, where the oligosaccharide moieties of glycoproteins are modified to complex types, as occurs with lysosomal proteins of animals and vacuolar proteins of yeast. This raises the question of whether some protein(s) leave for the Golgi apparatus and then are recruited to the ER bodies. To answer this question, we performed an immunocytochemical analysis with specific antibodies against complex glycans with xylose. The complex glycans were not localized in the ER bodies (Fig. 2C ), but in one side (possibly in the most-trans cisternae) of the Golgi stacks (Fig. 2D ) and in the vacuoles (Fig.  2E ). This result suggests that the ER bodies do not accumulate proteins that have passed through the Golgi apparatus.
RD21 was synthesized as a larger precursor (p1) and then converted into the mature enzyme (m) via an intermediate precursor (p2) (K. Yamada and I. Hara-Nishimura, unpublished data). To determine which form is accumulated in the ER bodies, we fractionated subcellular components of young cotyledons of the transgenic plants by differential centrifugation. The ER bodies exhibited high densities and separated into two populations; the large fluorescent population was obtained as a 1,000´g-pellet (P1) and the small population was as an 8,000´g-pellet (P8), as shown in Fig. 3A . On the other hand, the microsomes derived from the ER were concentrated as a 100,000´g-pellet (P100) and the soluble vacuolar proteins were in a 100,000´g-supernatant (S100) with no fluorescence. Immunoblot analysis of each subcellular fraction with anti-RD21 antibodies (Fig. 3B) shows that the precursor protein of RD21 is concentrated in both the P1 and P8 fractions, but not in the microsomal fraction (P100). The vacuolar fraction (S100) accumulated the mature protein, but not the precursor. The results shown in Fig. 2 and 3 indicate that the ER bodies mediate the transport of RD21 precursor to vacuoles.
We compared the ER-body-dependent transport of RD21 with the transport of another cysteine proteinase, SAG2/AtA-LEU, whose trafficking to plant vacuoles is known to be Golgidependent (Ahmed et al. 2000) . Immunoblots of the subcellular fractions show that the intermediate and mature forms of SAG2/AtALEU were localized in the microsomal fraction, but not in the ER-body fraction (Fig. 3B) . SAG2/AtALEU has a vacuolar-sorting signal, Asn-Pro-Ile-Arg (NPIR), in the Nterminal propeptide (Neuhaus and Rogers 1998) , but RD21 does not. Vacuolar-targeting receptors for the NPIR sequence have been found in various plants (Ahmed et al. 1997, Paris et Shimada et al. 1997 ). The Arabidopsis receptor AtELP has been shown to be involved in the transport of signal-containing vacuolar proteins such as SAG2/AtALEU (Ahmed et al. 2000) . Other proteins that are involved in vacuolar targeting are SNARE proteins, which guide vesicular transport (McNew et al. 2000) , and which are widely distributed in animals, yeasts and plants. The Arabidopsis SNARE homolog AtPEP12 co-localizes with AtELP (Sanderfoot et al. 1998 ) and together they mediate vesicular transport of vacuolar proteins in plants (Bassham and Raikhel 1999 , Bassham and Raikhel 2000 , Sanderfoot and Raikhel 1999 .
Both AtELP and AtPEP12 were specifically detected in the microsomal fraction together with SAG2/AtALEU (Fig.   3B ). On the other hand, the accumulation of the RD21 precursor in the ER bodies is independent of AtELP and AtPEP12. Thus, ER-body-mediated delivery of vacuolar proteinases differs from the receptor-dependent delivery of SAG2/AtALEU. It is unique in the respect that the ER-body functions as a novel proteinase-storing body in Arabidopsis. This raises the question of how and when the RD21 precursor is delivered to vacuoles.
The ER bodies were not observed in the dry seeds (data not shown), and then developed in the epidermal cells of young seedlings. These cells are easily stressed by the external environment. When Arabidopsis seedlings were stressed by exposure to a concentrated salt solution, the ER bodies started to fuse with each other, and eventually to vacuoles, in association with cell death (Fig. 4A to F) . Cell death was demonstrated by the staining of nuclei with propidium iodide (Fig. 4D) . Dead cells take up propidium iodide because of the loss of their membrane impermeability (Hemmerlin and Bach 2000) . In such cells, GFP fluorescence diffused within the vacuoles (Fig.  4C , E) and finally within the dead cells (Fig. 4F) . ER-bodymediated delivery of vacuolar proteinases is a regulated, direct pathway that differs from the constitutive pathway of proteinases. In the latter pathway, proteinases travel from the ER to the Golgi complex and then to vacuoles, with intervention of vesicle-transport machinery.
The fusion of the ER bodies and vacuoles was elucidated using samples prepared with a high-pressure-freezing and freeze-substitution method (Fig. 5) . The fusion event can be reconstituted in the following three steps. First, the ER bodies started to contact with vacuoles and ribosomes which surround the ER bodies disappeared in the contact region (indicated by arrows in Fig. 5A, B) . Second, the membranes of both the ER bodies and the vacuoles disappeared in the contact region. An ER body being incorporated into a vacuole is shown in Fig. 5C . Third, the components accumulated in the ER bodies were dispersed throughout the vacuoles (Fig. 5D) . The region of contact between two ER bodies is indicated by an arrowhead in Fig. 5D . The ER bodies appear to be involved in a novel system in which proteins synthesized in the ER are directly deposited in the lytic vacuoles of plant cells.
Several ER-derived vesicles have been reported (Chrispeels and Herman 2000, Hara-Nishimura et al. 1998b , Hayashi et al. 1999 , Schmid et al. 2001 , Toyooka et al. 2000 , but the sizes and structures of these compartments are different from the ER bodies. All these vesicles were found in the storage organs such as cotyledons and endosperms. In contrast, the ER bodies were distributed in the epidermal cells of hypocotyls (Fig. 4A) and roots (data not shown) .
The mechanisms of cell death in animals and plants have been thought to share common components. However, the way in which dying cells are degraded in plants is different from the way in which they are degraded in animals. Because plants do not have macrophages, plant cells must degrade their materials by themselves during senescence and under various stresses. However, wounded and/or stressed cells would not be able to synthesize hydrolytic enzymes to degrade cellular materials. In most cases of plant programmed cell death, vacuolization of the cytoplasm and disruption of the tonoplast are common events (Groover and Jones 1999, Lam et al. 1999) . Therefore, vacuoles play a crucial role in programmed cell death of plants.
The ER bodies might store inactive precursors of hydrolytic enzymes that are ready to be transported to act in the vacuoles and finally within the dead cells. Thus, the ER bodies appear to be a novel proteinase-storing system that assists under various stressed conditions. The components of the ER bodies are inactive in the healthy cells. When the seedlings were stressed with a concentrated salt solution, the ER bodies started to fuse with each other and with the vacuoles. In the vacuoles, the components should be converted to the active molecules. The fusion of the ER bodies with the vacuoles might occur in the dying cells that are chewed by insects or are infected by pathogens. It is possible that the ER bodies are involved in defense system of plants from pathogens.
Materials and Methods

Transformation of Arabidopsis
Arabidopsis thaliana (ecotype Columbia) was transformed with a chimeric gene by the in planta method (Bechtold and Pelletier 1998) . The gene encoded a signal peptide of pumpkin 2S albumin followed by GFP and a 12-amino-acid sequence that included an ER-retention signal, HDEL (Chiu et al. 1996 , Mitsuhashi et al. 2000 .
Growth conditions
Surface-sterilized seeds of Arabidopsis were germinated and grown at 22°C under continuous light, as described (Kinoshita et al. 1999 ). Six-day-old seedlings of the transgenic plants were further grown on medium with 100 mM NaCl for 24 h. The hypocotyl tissues of the seedlings were stained with propidium iodide (600 mg ml -1 ) for 5 min, as described (Hemmerlin and Bach 2000) .
Ultrastructural analyses
Five-day-old cotyledons were frozen with a high-pressure freezing machine (HPM010S, Bal-Tec, Balzers, FL, U.S.A.), as described (Craig and Staehelin 1998) , and then dehydrated for 2 d at -85°C with either acetone for immunocytochemistry or acetone containing 2% (w/v) osmium tetroxide for ultrastructural studies. Both immune and preimmune antisera (described below) were used. We used protein A-gold (10 nm; Amersham Pharmacia Biotech) for rabbit polyclonal antibodies and protein G-gold (10 nm; Amersham Pharmacia Biotech) for a monoclonal mouse antibody. All sections were examined with a transmission electron microscope (model 1200EX; JEOL, Tokyo, Japan).
Microscopy
Plant tissues and subcellular fractions were inspected with a laser-scanning confocal microscope (LSM510, Carl Zeiss) with a krypton-argon laser and a GFP filter set, and a fluorescence microscope (Axiophot 2, Carl Zeiss). The latter included a filter set (an excitation filter; BP450-490, a dichroic mirror; FT510, a barrier filter; BP515-565, Carl Zeiss), a CCD camera (CoolSNAP, RS Photometrics, Chiba, Japan), and a light source (Arc HBO 100W, Atto, Tokyo, Japan).
Subcellular fractionation
Seven-to 10-day-old seedlings of the transgenic plants were minced in 10 mM HEPES-KOH, pH 7.5, and 10% (w/w) sucrose, and then filtered through cheesecloth. The filtrate was subjected to differential centrifugation to obtain a 1,000´g pellet (P1), an 8,000´g pellet (P8), a 10,000´g pellet (P100), and a 10,000´g supernatant (S100). Each fraction (20 mg protein) was subjected to SDS-PAGE and a subsequent immunoblot with the specific antibodies.
Antibodies
An EST clone encoding RD21 (103I15T7) was obtained from Arabidopsis Biological Resource Center. A cDNA encoding RD21 was inserted into the pET32 vector (Novagen, Madison, WI, U.S.A.). The fusion protein with a histidine-tag was synthesized in E. coli BL21(DE3) cells and was purified with a Ni 2+ -column. A rabbit was immunized with the fusion protein as described previously.
Mouse monoclonal antibody (2F5-5B2; Rogers et al. 1997 ) against aleurain, which is a homolog of SAG2/AtALEU, and mouse monoclonal antibody (17F9; Paris et al. 1997 ) against BP80, which is a vacuolar targeting receptor, were kindly provided by J. C. Rogers of Washington State University. Antibodies against AtPEP12, an Arabidopsis SNARE, were a gift from N.V. Raikhel, Michigan State University (Sanderfoot et al. 1998) . Anti-GFP antibodies were from Clontech (Palo Alto, CA, U.S.A.).
